The designers of microwave devices in the industry use the analytical solutions of the corona discharge equation to determine the minimum power breakdown threshold, in a particular device, such as waveguides and filters, and know whether it is in the established margins. There are two main ways to determine the breakdown threshold of a waveguide analytically; the most commonly used describes the plasma density generation completely as a function of the geometry by using the characteristic diffusion length, while the second is a more thorough method that involves the use of the effective diffusion length which considers collision frequency and electric field into the equations. Hence the aim of the designers is to obtain the closest results to experimental results, both methods must be considered in addition to the environmental changes so that they know the operational limits. This chapter describes the different methods to obtain analytical results for the breakdown threshold in any rectangular waveguide device, the influence of environmental conditions in the analysis and the inhomogeneous electric field effect inside the devices.
Introduction
Traffic capacity in a high-frequency scenario where waveguides are involved is generally limited by two main factors: bandwidth and input power [1] . In cases where the atmospheric pressure is a factor, such as satellite communications, the maximum input power of the signal is determined by several factors, among which are the geometry of the device, the collision High-performance RF filters are widely used in communications systems, where it is necessary to know its capabilities for input power handling. Since increasing the power levels is the simpler way to impulse the reach of the system and its capability for data transmission, the design for the high-power operation filters must consider the next effects: electrical breakdown by ionization (corona effect), multipactor effect and passive intermodulation interferences (PIM).
Multipactor is a breakdown mechanism in vacuum, in which a resonant increase of freeelectron space charge develops between two surfaces. The applied field intensity is such that the electrons collide at ultra-high speeds against the walls of the device, causing the continuous release of secondary electrons in the medium and leading to a breakdown. However, this is not the critical stage for design implications.
Ionization breakdown is a phenomenon that occurs in gases where the normally low electron density increases in a way similar to an avalanche, turning the isolating gas into conducting plasma; this happens at higher pressures than multipactor. In satellite communications, breakdown analysis must be considered for the components located on Earth and for the ones destined for space operations, since the RF components that are designed to operate in space must be tested frequently on Earth at their highest power and are fully operational during the launching stage for telemetry purposes. This is the reason the analysis is made for lowpressure applications.
Waveguide breakdown analysis follows the next three stages: breakdown threshold determination, circuit and field analysis to determine the maximum voltage or field values and comparison of the experimental worst case with breakdown threshold.
Air ionization is caused because of the electrons' impact against air molecules. These electrons are accelerated by an RF field. If the energy level (provided by the RF field) is enough to cause ionization of neutral molecules, and the free electron total created by ionization exceeds the total losses of electrons due to attachment and recombination, the exponential growth of the electron density generates electron plasma and, eventually, leads to breakdown.
In low pressures, particles have a higher mean free path. Eventually, the mean free path increases until it reaches d (gap distance), where the multipactor effect takes place. By reducing Figure 2 . Low-pass corrugated filter after breakdown has occurred, as reported in [4] .
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This chapter covers the ionization breakdown in atmospheric air analysis; the equations that describe this consider different processes, such as the ionization, attachment and collision frequencies. Also, the analysis considers as variables the atmospheric pressure and electric field intensity, considering contaminant-free dry air as the propagating medium. Nevertheless, due to the breakdown variability, the design of filters and waveguides is a controversial topic for designers, who consider a wide tolerance range from 0 dB to 3 dB according to minimum breakdown power [4, 5] .
Corona breakdown is the process when electron plasma is created due to the ionization of the gas in areas where the electrical fields are high. Electrical fields in filters and waveguides can lead to corona effects at relatively low pressures (from 1 to 100 Torr), which, in atmospheric terms, are reached in the ionosphere (from 80 to 800 km). This phenomenon cannot occur in vacuum conditions, since it is necessary for the presence of a gas to ionize [4] .
Breakdown power threshold
There are different processes that can generate ions; these are by electronic impact, field effect, photo-ionization and thermos-ionization. For the analysis of filters and waveguides, the most relevant is by electronic impact, being directly proportional to the collision frequency between electrons and molecules. The equation that describes the time evolution of free-electron generation is [4, [6] [7] [8] :
where ν i and ν a are the ionization and attachment frequencies, respectively, D is the diffusion coefficient, β is the recombination coefficient and P is the electron production rate by external sources; ∇ D∇n ðÞ is the term that defines the diffusion of the electron cloud, from a highdensity area to a lower-density area, and is entirely space dependent; and v
!
•∇n is the convective term that considers the possible movement of the gas.
For the corona effect analysis and from the pre-breakdown stage point of view, the recombination term is discarded, since it is only relevant once the electron density is high enough, which only occurs when the electrical discharge has already begun. Also, the convective term has to be discarded, since a stationary medium is assumed inside the waveguide devices, that is, there is no relevant movement of the gas molecules. Additionally, the diffusion coefficient is considered as space independent, since it is electric field independent [4] . The simplified equation is:
Breakdown criteria are based on the fact that the electron density grows very fast once there are more freed electrons than captured. Considering a scenario where there is no diffusion, and
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and solving the derivative results in:
When ν i > ν a, there is an electron avalanche, and the breakdown condition for the continuous waves can be simplified as:
As a consequence, the general equation to solve the breakdown threshold stage is:
Solving the Laplacian term from Eq. (6), and considering a Cartesian coordinate system, since the devices analysed are rectangular waveguides and filters, the equation leads to:
where ν ¼ ν i À ν a is the effective ionization frequency. The rectangular waveguide device must be analysed from the cross-section, so the third term can be discarded, considering only the width and height of the guide.
Establishing the solution as the product of two functions:
nx ; y ðÞ ¼ Xx ðÞ Yy ðÞ
Substituting (9) in (8), knowing that the equation components are independent between them, it results in:
and dividing by (9) we get:
This equation can be solved by proposing exponential solutions. Due to the independency among terms, the first term can be solved proposing a negative constant as a result:
An exponential solution for (12) is proposed and derived twice:
Xx ðÞ¼e γx (13)
Substituting (13) and (14) in (12), we get:
It can be determined that:
So, the general equation for Xx ðÞis:
By Euler, Eq. (17) can be rewritten as:
Considering the next border conditions, since there are no free electrons on the walls of the waveguide:
where a is the waveguide width distance. Then:
The only possibility for a non-trivial solution is: sin
ÀÁ 2 where m ¼ 1, 2, 3, …: By the same method, the second component of Eq. (11) is:
This analysis considers the first harmonic. Then, Eq. (8) results in:
where a and b are the width and height of the rectangular waveguide. MacDonald defined the characteristic diffusion length as [8] :
This proves that diffusion processes are entirely dependent on the geometry. If one of the dimensions is much bigger than the other, as in a parallel plates experiment, the characteristic diffusion length is π divided by the squared gap distance. This is valid for rectangular waveguides, due to the fact that they have a constant width and height. For the case of waveguide filters, the shortest height area must be considered for the analysis.
Nevertheless, a more realistic approach implies the presence of non-homogeneous fields, which renders the ionization frequency also non-homogeneous, and, consequently, the free electron density is also affected. To characterize diffusion losses in these situations, the concept of effective diffusion length is described by Ulf Jordan et al. [9] .
Effective diffusion length
For homogeneous values of D, v i and ν a , the electron density increasing curve is constant, determined only by the border conditions of the analysed geometry. For non-homogeneous values in space, the free-electron density diffusion curve varies [9] .
The inhomogeneity of these parameters occurs because of the inhomogeneity of the microwave electric field, which implies that D and ν a are approximately constant in space, the only inhomogeneous value being ν i ¼ ν i x ðÞ .
Ulf Jordan et al. [9] determined that the diffusion length in the presence of non-homogeneous fields also depends on the atmospheric pressure, as shown in Eq. (23). This equation was obtained using computational methods:
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Consequently, as the pressure increases, the effective diffusion length decreases, and the calculated breakdown thresholds are the same as the ones obtained by using the characteristic diffusion length.
Ionization, attachment and diffusion in air
When a microwave field is applied, the energy transfer depends on the field's frequency and the environmental conditions (atmospheric pressure and humidity). An effective electric field is defined as [8] :
where E rms is the root mean square electric field, ω is the angular frequency (2πf ) and ν c is the collision frequency between electrons and molecules. For air, the general equation for the collision frequency is [8] :
p is the atmospheric pressure in Torr. From Eq. (24) it can be deduced that in high-pressure cases, the effective field is equal to the RMS field, since the collision frequency increases along with the atmospheric pressure.
The diffusion coefficient in air is determined by [8] :
The ionization frequency can be obtained by [6] :
α is known as the reduced electric field. Eq. (27) is valid in the range of 32 < α < 100 [4, 6] . The effective field term is very useful, since it relates the properties of the corona in direct current (DC) and alternating current (AC). The effective field produces the same energy transfer as in a DC field, so experimental data can be analysed in DC instead of AC [4, 10, 11] . The attachment frequency is two-and three-body phenomena.
ν a2 is only valid in the range 0 < α < 60 and is defined as [4, 6] :
The three-body attachment is field independent and is obtained as follows [4] :
For electrostatic homogeneous fields:
where d is the structure width and V is the breakdown voltage. Finally, the breakdown power can be obtained by:
Z is the characteristic impedance of the device. For waveguides and filters, Z is determined by:
μ 0 and ε 0 are the magnetic permeability and the electrical permittivity on vacuum, respectively, and f is the operating frequency.
Analytical results' comparison
Commonly, the analytical results obtained by using the characteristic diffusion length are considerably lower than the experimental results at the critical pressure; this minimum power breakdown is known as Paschen minimum. Figure 3 shows the experimental values obtained by Carlos et al. [4] compared to the analytical results using the characteristic diffusion length, for a low-pass Ku band filter at 12.5 GHz. The experimental and analytical results differ by 16%.
The results shown imply that it is necessary to consider the inhomogeneity of the electric fields, not due to geometry but due to the diffusion process that occurs at low pressures [12] . Then, instead of using the characteristic diffusion length, the effective diffusion length is used. Figure 4 shows the experimental and analytical results using the characteristic diffusion length compared to the analytical results using the effective diffusion length for the same low-pass filter. These results can be explained because microwave breakdown in an RF device is manifested by an avalanche-like growth in time of the free-electron density in the gas filling the device. The difference between these power threshold results resides not only in their operating frequency but in their geometries and the number of irregularities the filter contains. A bigger amount of irregularities, or irises (steps that help in the filtering process), contributes to generating more inhomogeneity on the electric field. Figure 6 shows the transversal configuration and measures of each filter [4] .
For the analysis of each filter, the minimum length located in the middle is considered.
The filter operating at 12.5 GHz is affected by the electric field inhomogeneity more than the other because of its high number of irises. Predicting mathematically the breakdown According to Witting [13] , the transmission capacity of a communication network in terms of the number of users, power and data rate is:
where R B is the data rate in bits/s, N is the number of users and P is the power in watts. Table 1 shows the difference of bit rate obtained with the power from characteristic diffusion length calculation and the one from effective diffusion length calculation for the two different Ku band filters.
By using (35), the resulting increase on the bit rate of the filters, when using the effective diffusion length, is of 4.3% in the case of the 12.5 GHz low-pass filter and of 3.1% for the 12.2 GHz low-pass filter. Therefore, a small raise in the power, even of 3 or 4 W, is heavily reflected on the data rate and an increase of almost 200 Gbps is achieved.
Space charge density effects
The microwave devices' designers use the analytical solution of the corona discharge to determine if the operating power is within the established margins. As shown previously, the experimental results differ considerably from the analytical when the characteristic diffusion length is considered. It has been proved by some authors [2, 9, 12, 14] that the criteria used until now for the design of waveguide filters can be improved if the effective diffusion length is used instead of the characteristic diffusion length. 
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The two main processes responsible for the electron losses during the breakdown stages are the diffusion from high-density regions towards lower-density regions and the attachment by neutral molecules, forming essentially negatively charged unmovable ions. For sufficiently enough electron density, at breakdown threshold, the region saturates and the electric field propagation is affected by its reflection or absorption in the device walls.
The most important negative ions present in air are O There have not been negative ions detected for nitrogen experimentally [15] .
The avalanche evolution can be affected by any agent that alters the space charge electronic density. Figure 7 shows the electric field E r around the avalanche and the resulting modification of the applied field E 0 . The space charge at the head of the avalanche is assumed as concentrated within a spherical volume, with the negative charge ahead because of the higher electron mobility. The field is enhanced in front of the head of the avalanche with field lines from the Figure 7 . Schematic representation of electric field distortion in a gap caused by space charge of an electron avalanche [16] .
anode terminating at the head, the region III. Further back in the avalanche, the field between the electrons and the ions left behind reduced the applied field (E 0 ), the region II. Still, further back, the field between the cathode and the positive ions is enhanced again, the region I [16] .
The resultant field strength in front of the avalanche is thus (E 0 þ E r ), whereas in the positive ion region just behind the head the field is reduced to a value (E 0 À E r ).
According to the results exhibited in Figures 4 and 5 , where the analytical values of the breakdown power are lower than the experimental ones, this is an indication that the avalanche is mainly affected by the presence of positively charged ions instead of the negatively charged ions. The radial field produced by positive ions immediately behind the head of the avalanche can be calculated using the expression from [16] :
where x is the distance in cm in which the avalanche has progressed, p is the gas pressure in Torr and α is the Townsend first coefficient of ionization, denoted by:
The Townsend first ionization coefficient indicates the number of ions generated by the electron collision by length unity. Figure 8 shows the behaviour of E r and E 0 as a function of the pressure for different values of x, x ¼ a ¼ 0:25 cm, as this is the maximum height of the analysed Ku band filter. 
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It can be appreciated that the influence of the positive ionic space charge field is greater as a function of the development in the space of the avalanche.
For a more correct approach of the analytical results, Woo et al. [6] propose the collision frequency equation dependent on the reduced electric field as:
Figures 9 and 10 show the results of using this energy-dependent collision frequency equation and the effective diffusion length. It is shown that considering the diffusion length and the electric field-dependent collision frequency altogether, the results are far more similar to the experimental results, proving this to be an important approach towards the experimental results.
As minimal as these increases result, Table 1 shows the importance of power, and the regulations for the design of these devices can be increased in terms of input power tolerance.
Plasmonic waveguide filters for increased data rate transmission
As the actual waveguide devices reach the technological limit, in terms of their data rate, it is necessary to develop new alternatives to overcome the continuously increasing demand of services [12] . By using encoding techniques, it is possible to send up to 16 bits of information per each Hertz sent [17] ; the current Ku band analysed devices operate generally around 12.2 GHz, so the data rate is only of 195.2 Gbps. Much higher frequencies, such as those provided by optical communication, of about 350 THz, show a much promising environment, delivering up to 5600 Tbps.
Optical wireless communications demand different multiplexing and de-multiplexing techniques than traditional RF communication. For this, some proposals include a wavelength divisor multiplexer (WDM), this can be a polymer substrate mode for photonic interconnections and is used even for satellite communications [18] . This helps in a way that incoming signals are directly coupled with the system chip, leaving out any optical-electrical and electrical-optical conversions. This is a partial solution since the system needs power and wavelength management; for this, digital grating processors (DGPs) are implemented. There are many advantages that these photonic interconnections provide, among them are introducing a planar platform for space-saving purposes, efficiency against any external perturbation, low propagation losses, compatibility with other surface mount technologies and low cost. Nevertheless, DGPs are components that demand energy from the system to operate and generate interruptions in the transmission due to electronic processing. Other components can be responsible for the filtering of signals; as seen by Calva et al. [2] , a plasmonic waveguide filter is a viable option.
Since the interconnection is very important, as the planar configuration of the devices, plasmonic waveguide filter proves a viable solution due to their capability of transfer information operating at different frequencies at the same time. Surface plasmons' inherent properties permit the signal to travel at the speed of light and also transport electrical and optical signals simultaneously [19] . The disadvantage of using these devices is that electrical breakdown due to ionization phenomena can occur.
These particular devices' operating principle is based on the light capability to penetrate some materials; for metals this can be up to 30 nm deep, helping in the generation of surface plasmons, which are oscillating free electrons in a coherent state that generate at the interface between any two materials. In some cases, incident light couples with the surface plasmon to generate self-sustaining propagating electromagnetic waves; these are known as surface plasmon polaritons (SPPs) [19] . A plasmonic waveguide filter example is shown in Figure 11 ; this is based on a metal-insulator-metal (MIM) structure [20] .
The configuration of these filters is formed by stacking nanometric waveguides of the same gap length. Multiple resonance modes are formed inside the devices; only the first and second mode can traverse through the next waveguides, the one in the middle of Figure 11 and the port 1 and 2 vertical waveguides. The SPPs travel through the principal plasmonic waveguide; resonance happens if the SPPs are enclosed in the middle cavity. This mid-section is very important, since its size is responsible for the filtering effect; modifications of its length alter the delivered wavelength through ports 1 and 2. A wide range of wavelengths can be covered by using these filters, from 500 to 10,000 nm. However, some optimal configurations have been suggested; for distances of L=280, 320, 350, 360, and 390 nm, the transmitted resultant wavelengths are λ=575, 850, 1060, 1310, and 1550 nm, respectively [2] . As mentioned before, it is imperative to consider the field skin deep so that light can travel through the metal of these waveguide structures; d 1 and d 2 distances must be smaller than 30 nm in the case of silver [21] . The field skin deep distance describes the length of a given material, silver in this case, that an electromagnetic signal can penetrate, this distance depends on the signal frequency and the material properties. So, in this case, the distances are 10 and 15 nm, respectively, with a gap distance for all the waveguides of W ¼ 50 nm. These filters have very good transmission spectra and can easily operate in wavelengths from 575 to 1500 nm, optimal for using them for an optical communication scheme.
The analysis of electromagnetic waves through a surface already excited contemplates that the electrons are in a non-equilibrium state and that they are generated because of light absorption, not only due to collisions. The absorption can be linear or multiple, resulting in many nonequilibrium electrons; then, considering the diffusion effect, electron-electron collisions occur and there is an energy exchange between the photon-excited electrons and the non-equilibrium electrons. The evolution in time of the free-electron density generated by excited photons and electron-electron collisions is [22] : Figure 11 . Two-channel plasmonic waveguide filter structure.
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where D is the electronic diffusion coefficient, τ ee hi is the time between the electron-electron collisions, I is the irradiance of light in watts per square meter, R is the reflection coefficient, α 1 is the linear photonic absorption coefficient and α 2 is the two-photon absorption coefficient.
According to Bhushan et al. [23] , there is no two-photon absorption for the cases where the plasmon has an angular momentum of l > 1kgm 2 =s. l ¼ 1 corresponds to the bipolar resonance of the plasmon, which is the one that occurs in these types of filters [20] . Then, Eq. (39) is reduced to the following:
The lineal photonic absorption is obtained using the following [24] :
where k is the extinction coefficient. Table 2 shows the experimentally obtained values in [24] for the extinction coefficients at a specific wavelength and the corresponding absorption coefficients.
The electron density in the electrical breakdown threshold is n ¼ 1:1 Â 10 15 cm À3 [25] . The reflection coefficient of silver is R ¼ 0:95. The ℏω term is the energy of a photon, where ℏ is the Planck's constant divided by 2π:
Using these equations and the effective diffusion length, as discussed before, in (39) the power breakdown threshold of a plasmonic waveguide filter can be obtained. Figure 12 shows the power breakdown threshold of a plasmonic waveguide filter at different wavelengths. Table 2 . Experimental values for the extinction and linear photonic absorption coefficients.
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These extremely low power values are not a problem in the data transmission, according to Radek Kvicala et al. [26] ; the optical communication systems are capable of receiving very low optical powers of about P ¼ 4 Â 10 À14 Watts.
Conclusions
The suggested modifications to the waveguide devices breakdown threshold analysis change the operating power in terms of the cont i n u o u s l yi n c r e a s i n gb a n d w i d t h sa n dc o mponent integration. Increasing power handling in these devices by just a few watts have a considerable effect in the data rate, increasing its value, whereas avoiding the risk of breakdown to occur.
Waveguide designers use the free electrons in the time equation to obtain the lowest possible breakdown thresholds, which implies that homogeneous electric fields as a function of the geometry are considered. However, the presence of space charge inside the devices causes inhomogeneities in the electric field; therefore, it is important to determine the device structure for a correct analysis. When analysing a waveguide filter, the substructures inside it that generate the filtering effect, highly non-homogeneous areas are located. In these cases, the use of the effective diffusion length, along with the collision frequency equation that highly depends on the electric field, must be imperative for a correct approximation of the real values.
Plasmonic waveguide filters are a good proposal for the implementation of higher-frequency technologies. For wavelengths from 575 to 1500 nm, the power breakdown threshold is located between 0.1 and 0.4 Watts at 1 Torr atmospheric pressure. These power thresholds are sufficient for the electronic processing required in an optical environment, since optical systems are capable of fully operating while receiving very low power, P ¼ 4 Â 10 À14 W. 
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